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a b s t r a c t 
This study is focused towards the development of the technique for investigating the fracture behaviour 
of 100 μm thick rolled tungsten foils, with a purity of 99.97%. Electron backscatter diffraction (EBSD) 
scans reveal that the grains are elongated along the rolling direction of the foil, which has a very strong 
{100} < 011 > texture. The test specimens were fabricated by electrical discharge machining (EDM) and 
cracks were initiated by consecutively using a diamond wire saw, a razor blade and a focused ion beam 
(FIB) workstation. Fracture experiments were performed at temperatures from −196 °C to 800 °C. The 
investigation of fracture appearance shows an improved behavior and signiﬁcantly higher values of con- 
ditional fracture toughness K q compared to bulk W-materials, which can be related to a higher degree 
of deformation during the production process. A high toughness at room temperature (RT) and 200 °C, 
slowly decreases when approaching the highest testing temperature of 800 °C. The most signiﬁcant result 
reveals that the ductile to brittle transition temperature (DBTT) is around RT, which is an extraordinary 
result for any tungsten material. The fracture surfaces, investigated with a scanning electron microscope 
(SEM), show a transition from cleavage fracture at liquid nitrogen temperature, through pronounced de- 
lamination within the foil plane at ambient temperatures to ductile fracture at the highest testing tem- 
peratures. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Tungsten (W) is a metal with an excellent combination of high
emperature properties, such as high erosion resistance, low vapor
ressure and high strength at elevated temperatures. It also has the
ighest melting point of all metals (T m = 3422 °C) and other supe-
ior thermal properties: good thermal shock resistance and high
hermal conductivity. These exceptional qualities qualify this metal
or many high temperature applications, like e.g. in a future fu-
ion reactor. Extensive research on divertor design concepts is di-
ected towards the use of various tungsten materials and its com-
osites for different divertor applications, making tungsten one of
he main armour and heat sink materials candidates [1,2] . A diver-
or is one of the key in – vessel components of a fusion reactor, re-
ponsible for power exhaust and cleaning the plasma from He and
mpurities i.e. various particles coming from the ﬁrst wall. There-
ore, these reactor parts will be subjected to a very high heat ﬂux∗ Corresponding author. 
E-mail address: vladica.nikolic@oeaw.ac.at (V. Nikolic). 
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352-1791/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article u
Please cite this article as: V. Nikolic et al., Improved fracture behavior a
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.06.00oads: in a normal scenario 10 MW/m 2 is expected, having peaks of
p to 20 MW/m 2 in off normal events, as a consequence of differ-
nt plasma instabilities [3,4] . For such a challenging and extreme
hermal application, tungsten was a natural choice as a candidate
aterial. 
When thinking of using tungsten as a structural part for the di-
ertor region, its main disadvantage – inherent brittleness - plays a
ecisive role. Tungsten shows low fracture toughness at low tem-
erature and like other body centered cubic (bcc) metals, it has
 transition from brittle fracture at low temperatures to ductile
nd tough behavior at high temperatures. The problem is that the
ransition temperature is relatively high (well above ambient tem-
eratures), additionally complicating the machining at room tem-
erature (RT). Several ductilization strategies have been proposed
n the attempt of overcoming the main problem of tungsten and
mproving its fracture behavior, including toughening tungsten by
ynthesis of i) solid solutions, ii) nanostructured materials and
ii) various tungsten composites. Tungsten laminates synthesized
f ultra – ﬁne grained tungsten foil [5,6] is an approach towards
aking tungsten – based materials more ductile and expanding
ts application from armour to structural materials. Some divertornder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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sconcepts being currently investigated might use He as a coolant
and would require the use of W in form of cooling pipes, which
will be exposed to 600 °C and 100 bar [7] . Typical manufacturing
processes like extrusion or drilling of holes in rods are challenging
and additionally, in this way, the alignment of elongated grains i.e.
the preferred crack propagation path would be coinciding with the
expected fracture direction of the pressurized pipe. Therefore, the
option of synthesizing the structural tungsten pipe by rolling up
and joining of tungsten foils seems to be very promising, since the
best case scenario of microstructural design, where the direction
of low fracture toughness follows the contour of the pipe, can be
obtained. The 100 μm thick foil used for forming of pipes shows
some extraordinary mechanical properties, extending the foil’s RT
ductility to a ductile bulk material [8] . 
The fracture behavior of tungsten materials has been studied for
decades, but full understanding of underlying fracture processes,
greatly inﬂuenced by different parameters, such as microstructure,
has not been completely realized. Extensive studies of the frac-
ture resistance of tungsten single crystals were performed in the
nineties [9,10] , revealing that {100} planes are primary cleavage
planes with < 110 > being the preferred crack propagation direc-
tions. In addition, the strong loading rate dependence of the ductile
to brittle transition temperature (DBTT), in particular at elevated
temperatures, conﬁrms that the transition is controlled by disloca-
tion mobility [9] . In contrast to the good descriptions of fracture
processes in single crystals, the comprehensive experimental study
of tungsten materials with more complex microstructures i.e. in-
dustrially produced polycrystalline W is still not complete. How-
ever, this could be essential in order to identify ways of improve-
ment and to develop microstructural design concepts with opti-
mized fracture properties. 
In the case of tungsten, factors like microstructure, grain size,
grain shape, texture, etc. greatly inﬂuence the resulting mechanical
properties. It has been shown that there is a strong correlation be-
tween manufacturing history (sintering, rolling, swaging, hot/cold
work...) and the resulting material’s microstructure and mechani-
cal properties [11] . Among various parameters affecting the frac-
ture toughness, the established microstructure during production
steps plays a decisive role for the resulting failure mode, leading
to the anisotropic behavior of deformed (worked) tungsten [12,13] .
A pancake – like microstructure of tungsten plate materials is fa-
vorable for good toughness in two out of three possible testing di-
rections and when decreasing the thickness of the material, a shift
of DBTT to lower temperatures is also observed [14] . Furthermore,
it was shown that low temperature rolling of commercially pure
tungsten enhances its strength and ductility [15] . This leads to the
conclusion that a thinner plate, which experienced a higher degree
of cold work has a more beneﬁcial microstructure, having smaller
grains and higher amount of mobile edge dislocations. 
So questions that need to be answered are: “How do fracture
properties change if tungsten plate material is submitted to even
higher degrees of rolling (deformation) resulting in commercially
available 100 μm thin tungsten foil? Are the values of fracture
toughness higher in comparison to other tungsten materials? What
happens to the DBTT in case of such highly deformed foils?” It has
already been shown that such a material behaves ductile in a ten-
sile experiment at RT and when synthesized in laminated plates
and tested with Charpy impact test, the DBTT can be reduced by
300 °C [8] . As mentioned in previous paragraphs, in some He –
cooled divertor concepts the use of structural, pressurized W cool-
ing pipe is being investigated where a ductile laminated pipe can
be made of 100 μm ultra – ﬁne grained W foil [7] . Therefore, from
a materials design aspect, it is extremely important to determine
fracture toughness values and investigate the effect of various test-
ing conditions on the variation of fracture behavior of such a tung-
sten foil used as a base material in laminated tungsten composites.Please cite this article as: V. Nikolic et al., Improved fracture behavior a
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.06.00he aim of this work was to develop a testing procedure for eval-
ating fracture toughness on a 100 μm thin tungsten foil, inves-
igating how variation of testing temperature affects the resulting
racture process. 
. Materials and microstructure 
The fracture mechanical testing was performed on a 100 μm
hin unalloyed tungsten foil, a standard material that is com-
ercially available and produced by Plansee SE, Reutte, Austria.
he tungsten plate is manufactured via the powder metallurgical
oute and after sintering, it is submitted to hot and cold rolling
rocesses. As a result, a thin foil is obtained having elongated
rains along the rolling direction. The dimension of grains in
oil thickness direction is in ultra – ﬁne grained regime having
verage grain diameter of less than half of micron. Production
etails regarding degree of deformation, temperatures of hot
nd cold rolling and stress relieve annealing conditions are not
rovided by the manufacturer. The guaranteed purity of the ma-
erial is 99,97% and impurities content information can be found
lsewhere [16] . 
In order to evaluate the microstructure and texture of the foil,
 scanning electron microscope (SEM) (Leo 1525, Zeiss) with an
lectron backscatter diffraction (EBSD) detector was used. During
reparation of the tungsten foil for EBSD analysis by embedding
n hard compound and mechanical grinding and polishing, delami-
ation along the grain boundaries occurs. To prevent this, ion pol-
shing (Hitachi E-3500 Cross Section Polisher) of the desired cross
ection was performed. Resulting smooth surfaces across the en-
ire thickness of the sample were suitable for following SEM/EBSD
nalyses. Evaluation of the obtained scans was made with Orienta-
ion Imaging Microscopy (OIM) software. 
EBSD orientation imaging map of a pure W foil in as – received
ondition can be seen in Fig. 1 (a), with distinctive elongated grains
oing along the rolling direction (from left to right) forming a typ-
cal ‘’pancake’’ like microstructure. Such an appearance is a direct
onsequence of a high degree of deformation during production
teps. Average grain size given by the ASTM number, calculated by
nforcing the average grain area, is 19,6. The aspect ratio, one of
he measures of the grain shape, is deﬁned as ratio of the length
f the minor axis divided by the length of the major axis. In the
ase of as received materials, average aspect ratio of grains is 0,45.
icrostructure of a W foil after being exposed to 1080 °C for 12
inutes is shown in the scan in Fig. 1 (b) and will be further dis-
ussed in Chapter 4.1. The results of the EBSD scans can be pre-
ented in Pole Figures (PF) shown in Fig. 1 (c). It can be seen that a
.1 mm tungsten foil has a very strong texture in {100} < 011 > , in-
icating that the preferred cleavage planes {100} form an angle of
5 ° with the rolling direction. This result corresponds to other in-
estigations [17] and such a texture established, during cold work
y grain rotation, deﬁnes a saturation condition, meaning it does
ot change by further deformation [18] . 
. Experimental procedure 
.1. Sample preparation 
In this study, the main goal was to determine fracture tough-
ess of a 0.1 mm thin foil, which at the initial stage required de-
igning and manufacturing a suitable experimental setup. Since the
hickness of the foil and its geometry are not the standard one
s e.g. given in ASTM E399 [19] , optimization of sample prepa-
ation, crack initiation and brazing process had to be performed.
he preparation procedure can be summed in the following three
teps: nd microstructural characterization of thin tungsten foils, Nuclear 
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Fig. 1. (a) Inverse Pole Figures (IPF) of pure 0.1 mm tungsten foil in as received condition. ‘’Stack of pancake’’ microstructure is seen, with elongated grains along the rolling 
direction (from left to right). High angle grain boundaries with a misorientation > 15 ° are plotted in black. (b) IPF of a foil annealed at 1080 °C for 12 min (chapter 4.1.) (c) 
Pole Figure (PF) calculated from a) showing orientation of {001} planes with respect to the sample reference frame (RD is the reference direction of the EBSD – scan and the 
rolling direction; TD is the transverse direction of both EBSD – scan and the rolling process); Color scale bar quantiﬁes the strength of the shown texture. Color coded unit 
triangle representing < 100 > , < 110 > and < 111 > crystallographic directions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 • Cutting 
The test specimens were fabricated out of the com-
mercially available tungsten sheet with dimensions of
180 ×100 × 0.1mm 3 with the rolling direction being paral-
lel to the 100 mm side of the sheet. Electrical discharge
machining (EDM) was used for cutting and the specimen size
is 20 ×5 × 0.1mm 3 . In order to examine the inﬂuence of the
microstructure on the anisotropy of mechanical properties, it
is important to know the direction of cutting in respect to
the rolling direction of the sheet i.e. the resulting direction
of the pre-crack. After cutting, all the samples were washed
in isopropanol and acetone using ultrasonic bath. To facilitate
proper mounting and testing, samples need to be joined toPlease cite this article as: V. Nikolic et al., Improved fracture behavior a
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.06.00steel holders, which will then be attached to the testing device.
EDM was once again used for cutting the holders in the size of
15 ×15 × 3mm 3 , with a 5 mm slit for brazing the samples into
the holders. 
• Crack Initiation 
In order to perform fracture mechanical testing, it is necessary
to produce a sharp pre-crack at the tip of a machined notch.
An attempt of fatigue precracking was made by means of cyclic
loading, but this standard method did not lead to successful re-
sults. Therefore following three step procedure was performed
on a 100 μm foil. Initially, a very blunt notch made by a dia-
mond wire saw (the wire diameter is 0.3 mm) was further razor
blade reﬁned where the thickness of the razor blade is aboutnd microstructural characterization of thin tungsten foils, Nuclear 
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Fig. 2. SEM images of fracture surfaces showing introduced cracks with diamond wire saw cut (green), razor blade sharpening (blue) and FIB cut (red), (a) top view of 
fracture surface (b) an inclined view of the fracture surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Fracture experiment sample, tungsten foil pre – cracked with diamond wire 
saw, razor blade and FIB and then brazed between two steel holders. 
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t  0.1 mm. In the end, a sharp pre-crack was initiated with a Fo-
cused Ion Beam workstation (Leo 1540, Zeiss), with the follow-
ing settings: A coarse line cut was made across the whole foil
thickness with 20 nA for 45 min. The resulting length of a FIB
pre - crack, measured from the notch root, is of ∼ 20 μm. FIB
precracking is a crucial step so that the length of the introduced
crack is in the size regime of the notch root radius. Satisfying
this requirement ensures that the pre – crack is sharp enough
to determine true materials fracture properties. In Fig. 2 , SEM
images show the distinctive regions of mentioned steps indi-
cated by different colors (green – wire cut, blue – razor blade
reﬁnement, red – FIB pre-crack). The ﬁnal length of the pre-
crack was between 25–45% of the width of the foil. In the re-
sults presented here, all the samples were produced with the
pre-cracks being normal in respect to the rolling direction of
the tungsten sheet. 
• Brazing 
Joining of the pre-cracked foil to the steel holders was done in a
brazing process i.e. by melting the metallic interlayer between
them. It is very important to choose an appropriate interlayer
so that the formation of brittle intermetallic compounds is
avoided. Copper (T m = 1085 °C) and silver (T m = 960 °C) are good
options having excellent wettability on the tungsten foil, with
no diffusion into the tungsten [20] . Additional advantages are
relatively low melting temperatures, ensuring that the tungsten
foil remains in nearly as received microstructural state and that
no recrystallization occurs during the brazing process. The time
of the highest temperature should be kept as low as possible.
The inﬂuence of the sample preparation on the microstructure
(and therefore resulting mechanical properties) of the tungsten
foil will be addressed in chapter 4.1. 
The steel holders were cut from one side (5 mm slit) where the
tungsten foil was placed between two brazing foils. The pre-brazed
sample was then ﬁxed onto specially designed brazing holder and
then placed in the vacuum chamber of the furnace. Brazing process
was performed in high vacuum ( < 10 −4 mbar) using two different
brazing materials, with a thickness of 100 μm each: 
• Eutectic silver copper foil (72 wt% Ag and 28 wt% Cu): brazing
took place at 780 °C, for 20 min with subsequent furnace cool-
ing and produced samples were used for testing at −196 °C, RT
and 200 °C. Please cite this article as: V. Nikolic et al., Improved fracture behavior a
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.06.00• Pure copper foil : brazing took place at 1080 °C, for 12 min with
subsequent furnace cooling and produced samples were used
for testing at 400 °C, 600 °C and 800 °C. 
The ﬁnal appearance of a prepared sample can be seen in
ig. 3. 
.2. Mechanical testing 
Fracture mechanical tests were performed on a universal ten-
ile testing device (Zwick), which is furnace and vacuum chamber
quipped. Experiments were done in atmosphere at −196 °C (liquid
itrogen), room temperature and 200 °C and for all elevated tem-
eratures (up to 800 °C) the vacuum chamber was used. Pressures
f 10 −5 mbar can be reached, ensuring that oxidation of the ma-
erial is avoided at high temperatures. During heating, pressure in-
reases but does not exceed 10 −3 mbar. The crosshead speed of the
evice was constant for all experiments and set to 0.4 mm min −1 .
long with the temperature, measured with thermocouples placed
n the vicinity of the crack tip, force and time were recorded dur-
ng the experiment. 
In general, conditional fracture toughness is calculated with
onditional load P q which is obtained from the load displacement
urve in the following way: a 5% secant line is constructed from
he origin with the slope equal to 95% of the initial linear part
f the load displacement record and the P q is identiﬁed from
he intersection point. P q is equal to the maximum load that thend microstructural characterization of thin tungsten foils, Nuclear 
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d  pecimen could sustain P max only if the brittle fracture occurred
n linear load – displacement regime. In other words, in this case
pecimen fails completely before achieving 5% nonlinearity. 
From the maximum applied load P max and the measured crack
ength a , conditional fracture toughness K q can be calculated ac-
ording to the following equation for a single edge notched tension
pecimen [21] : 
 q = P max 
A 
√ 
πa ·
(
1 . 12 − 0 . 231 a 
W 
+ 10 . 55 
(
a 
W 
)2 
−21 . 72 
(
a 
W 
)3 
+ 30 . 39 
(
a 
W 
)4 )
In order to determine a valid value of K q certain requirements
eed to be fulﬁlled. According to ASTM E – 399 [19] , the size of
he sample is critical and the condition is given by a, B and (W-
) > 2.5( K IC / σ Ys ) 
2 , where σ Ys is the 0,2% offset yield strength of
he material for the temperature of the test, B is the thickness of
he sample, a is the notch length and (W-a) is the ligament length.
n addition to requirements related to dimension of the speci-
en, the ratio P max /P q should not exceed 1.10. The validity of the
easured fracture toughness values will be further addressed in
hapter 4.2. 
. Results and discussion 
.1. Inﬂuence of the sample preparation 
It is well known that ﬁne grained materials are very sensi-
ive to annealing and recrystallization phenomena. Due to the
igh amount of stored energy in the material, which is present in
he form of grain boundaries and dislocations, the microstructure
ends to change. Once a beneﬁcial microstructure is obtained, it
s crucial to stabilize it at elevated temperatures. Thermal treat-
ents affect the underlying microstructure, leading to recovery
nd subsequent recrystallization of the material, which would have
n enormous effect on the resulting mechanical properties. For
ungsten materials in fusion application it is very important to
recisely know at what temperature recrystallization happens, as
he material properties deteriorate and this sets the higher tem-
erature operating limit [22] . Recovery refers to changes in mate-
ial’s microstructure prior to recrystallization and it easily occurs
n worked materials having high concentration of defects. During
his process, the stored energy of the material is lowered by e.g.
he movement and arrangement of dislocations. Recovery happens
radually, with no clear beginning or end, leading to homogeneous
icrostructural appearance. In contrast to that, recrystallization in-
olves the formation of new grains, which might be unevenly dis-
ributed over the specimen separating the microstructure into re-
rystallized and not recrystallized part. New grains formed during
ecrystallization have individual lattice orientation, which is inde-
endent of the one resulting from the cold work during the man-
facturing process. Even though brazing of the test samples was
one at temperatures below T rec. for tungsten (0.4 ∗T melt ∼ 1200 °C),
t is important to check whether the short exposure of the mate-
ial to elevated temperatures had an impact on its microstructure
nd resulting mechanical properties. Microhardness measurements
ere performed on the brazed foil and microstructure was evalu-
ted with the means of EBSD. 
Vickers hardness measurements, with an applied load of 4,9 N,
ere performed on a W foil in the as received state and after braz-
ng at 780 °C (for 20 min) and 1080 °C (for 12 min). Under the same
onditions, 10 indentations were made for each material in all the
ifferent investigated states. The unbrazed foil has a hardness of
598 ± 5,7)HV0.5 and after being heated at 780 °C, the value is
early constant with microhardness of (590 ± 5,4)HV0.5. The lower
emperature brazing with AgCu foil is too short to have an impactPlease cite this article as: V. Nikolic et al., Improved fracture behavior a
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.06.00n the microstructure, which can be observed in nearly constant
alue of the microhardness.12 min of brazing at 1080 °C inﬂuences
he hardness and a slight decrease down to (515 ± 8,8)HV0.5 is ob-
erved. It is therefore important to examine and compare the mi-
rostructure of these materials, to establish if signiﬁcant changes
f grains occurred which might have an inﬂuence on the resulting
racture toughness. 
In Fig. 1 (a) and (b), a comparison between EBSD scans of tung-
ten foil in as received state and after the 1080 °C brazing can be
een. The typical microstructure with elongated grains along the
olling direction is clearly seen in both scans and high angle grain
oundaries with a misorientation > 15 ° are indicated with black
ines. The measured decrease in hardness values can be related
o certain microstructural changes for example by recovery. Braz-
ng at 1080 °C for 12 min is linked to rounding of the grains and
heir growth in foil thickness direction, the typical pancake like
icrostructure is still existent but less pronounced. The number
f grains across the foil thickness reduces, having average grain di-
meter of 1 micron. In comparison to the as received material, av-
rage grain size given by the ASTM number decreases to 17,3 and
spect ratio is 0,4. So, it can be noted that even the short temper-
ture exposure during brazing exhibits some microstructural alter-
tions, but mostly related to minor size and shape changes. Braz-
ng at these temperatures did not lead to recrystallization process,
hich would have a noteworthy impact on the resulting fracture
ehavior. Additionally, it was shown that for a more prominent de-
rease of microhardness [23] and signiﬁcant effect on the mechan-
cal properties, annealing at these temperatures has to take place
or at least 1 h. 
.2. Fracture toughness 
Fig. 4 shows the determined fracture toughness as a function of 
he testing temperature for a crack system where the introduced
otch is perpendicular to the rolling direction of the foil. Each sym-
ol corresponds to one experiment at particular temperature. Sam-
les tested at liquid nitrogen failed in a brittle manner with the
onditional fracture toughness K q = 10 MPam 1/2 , which is the low-
st obtained value in these experiments. At ambient temperatures,
he same material tested under the same conditions shows differ-
nt fracture behavior, with values of fracture toughness in a range
etween 20–110 MPam 1/2 . Such a scatter of data (observed only at
his temperature) as well as a rapid increase of fracture toughness
ith temperature is an indication of a transition between differ-
nt fracture regimes. The ductile to brittle transition temperature
DBTT) was deﬁned here as the temperature where a large increase
n fracture toughness and a change of the fracture surface (no tran-
crystalline fracture anymore) takes place. Apart from substantial
ifference in critical maximum load that sample could sustain be-
ore failure (and therefore the resulting fracture toughness), no sig-
iﬁcant differences in the load displacement curves were observed
or RT experiments. In both cases of low and high values of K q , a
atastrophic failure occurred sudden without previous stable crack
rowth. With a further increase in testing temperature, K q ini-
ially increases but for experiments performed at elevated temper-
tures, 200 °C and above, the values of fracture toughness slowly
ecrease. Performing experiments on samples with the crack in-
roduced within the foil plane, should clarify whether a general
rend of decrease of K q can be related with an increase in in–foil
oughness at elevated temperatures. 
In addition to the thin foils fracture investigation, an attempt of
 study of a standard tungsten plate material with 100 μm thick
imensions was made. Initial idea was to use the same experimen-
al technique on a tungsten plate material and identify whether
btained high values of fracture toughness of a tungsten foil are in-
eed representing a true materials property. A plate material wasnd microstructural characterization of thin tungsten foils, Nuclear 
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Fig. 4. Conditional fracture toughness as a function of testing temperature for samples with crack orientation perpendicular to the rolling direction. Conditional fracture 
toughness K q was calculated from the maximal applied force when pronounced crack growth occurred. Scatter of data observed around RT and the change in the fracture 
behavior, from transcrystalline to lamellar fracture, indicates the existence of DBTT at around RT. 
Fig. 5. Top view of scanning electron micrograph of fracture surface of tungsten 
plate material polished to thickness of 100 μm and failed during sample prepara- 
tion. Brittle transcrystalline fracture surface can be seen. 
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t  chosen (over a rod) since it shows good toughness in two out of
three possible testing directions [12,13] . From a bulk tungsten ma-
terial, with a pancake – like microstructure, specimens with a size
of 20 ×5 × 0.5mm 3 were cut with EDM. Final thickness of 100 μm
was achieved with polishing, resulting in the same sample size and
geometry as the thin foil specimens. The next step of notching and
introducing a pre – crack was unsuccessful and all the samples
failed during this process. 100 μm thick tungsten plate is too brit-
tle at room temperature, resulting in cracking under small loads
applied during sample handling. Therefore, testing such a material
was not possible and an exact value of K q was not obtained. How-
ever, sample failing during preparation procedure can be linked to
weak fracture behavior which is in a correspondence with ana-
lyzed fracture surfaces of cracked samples ( Fig. 5 ). In the case of
all failed samples, transcrystalline cleavage is observed which can
be related to low values of K q . In comparison with the microstruc-
ture of tungsten foil, grains of the plate material are signiﬁcantlyPlease cite this article as: V. Nikolic et al., Improved fracture behavior a
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.06.00arger. All of the observations in regards to tungsten plate material
re an indication of extraordinary fracture properties of tungsten
oils. 
The investigation of the fracture behavior of 100 μm thin W
oils shows an improved behavior and higher values of K q com-
ared to bulk W-materials, which can be related to a higher degree
f deformation. The resulting pancake – like microstructure, strong
exture and small grain size in thickness direction greatly inﬂuence
esulting fracture properties. As reported before, crystallographic
nd grain shape anisotropy play a decisive role in the fracture pro-
ess of polycrystalline tungsten [24] . Therefore, it is necessary to
etermine whether similar anisotropic behavior can be observed
n the case of tungsten foils. Does a difference in the amount of
rain boundaries in front of a propagating crack for different test-
ng direction affect the resulting fracture behavior? This issue will
e referred in a following publication where the inﬂuence of the
rack initiation direction – in respect to rolling direction, will be
aken into account. 
According to linear elastic fracture mechanics (LEFM), in order
o obtain a valid value of fracture toughness K IC , there are cer-
ain requirements regarding the thickness of the sample, ligament
nd crack length. Since K IC loses validity with increased tough be-
avior, it is very important to determine the limit of validity. The
ield strength for the following calculations was taken from [8] ,
here tensile properties of the same foil were investigated at RT
 σ Ys = 20 0 0 MPa) and 600 °C ( σ Ys = 1100 MPa) . Based on these re-
ults, yield stresses for all the other temperatures were linearly
xtrapolated. K q values of the samples tested in liquid nitrogen
nd room temperature fulﬁll the above mentioned criterion and
epresent a valid K IC. In case of 200 °C and high toughness room
emperature experiments, validity requirement is fulﬁlled in re-
pect to ligament and crack length, but not the thickness. In this
ay, calculated K q is thickness dependent fracture toughness. With
n increase in testing temperature, the specimens are too small
o accommodate the plane strain conditions and requirements of
EFM are not satisﬁed. Nevertheless, calculated conditional frac-
ure toughness values K q given above give a lower limit. The opennd microstructural characterization of thin tungsten foils, Nuclear 
3 
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Fig. 6. Top view of scanning electron micrographs of fracture surfaces of 100 μm tungsten foil tested at (a) −196 °C, (b) 200 °C and c) 800 °C. 
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Fig. 7. Comparison of recorded load vs. time diagrams for samples tested in liquid 
nitrogen, at 200 °C and 800 °C. Curves are shifted for a better visualization. 
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n  uestion of true value of fracture toughness in the tough region
ill be addressed in the upcoming work, where a more geometry
ndependent value of toughness will be determined, based on crack
ip opening displacement (CTOD) analyses. In addition to require-
ents related to dimension of the specimen, the ratio P max /P q 
hould not exceed 1.10. This condition was met for the tests per-
ormed up to 200 °C. 
.3. Fractographic analysis 
A scanning electron microscope was used in the evaluation of
he fracture surfaces of every tested sample. A comparison of var-
ous fracture appearances can be seen in Fig. 6 , where a top view
f a cracked surface is shown with respect to different testing tem-
eratures. The foil tested in liquid nitrogen ( −196 °C) shows a clas-
ical transcrystalline fracture, the aligned grains are visible as hor-
zontal lines ( Fig. 6 (a)). So, at low temperatures the sample frac-
ures in a classical brittle manner which corresponds to a low
alue of K Ic (see 4.2). With an increase in testing temperature the
racture mode changes signiﬁcantly and for the test performed at
00 °C the sample has strongly delaminated surfaces with a lot of
mall crack openings ( Fig. 6 (b)). Such a fan – out topography is a
irect consequence of the characteristic microstructure – ‘’ﬂat stack
f pancakes’’. 
Equivalent to the RT scatter of data, the fracture surfaces also
ary. In some cases, the samples had a fracture surface showing
leavage fracture (low K q ) and sometimes a very strong delamina-
ion was observed, which matches with higher values of fracture
oughness. For temperatures higher than 200 °C, the delamination
s getting less pronounced and ﬁnally the resulting fracture sur-
aces show ductile fracture with a large crack tip opening, which
learly indicates that the calculated K q values are only a lower
imit value and K Ic should be signiﬁcantly larger. An example of
uch a fracture surface is given in Fig. 6 (c) for a sample tested at
00 °C, where the fracture surface exhibit certain necking and de-
elopment of a large crack tip opening displacement before failure.
ne of the open questions is, if the decreasing amount of delam-
nation and thus a lower toughness for the investigated crack sys-
em at higher temperatures can be attributed to an improvement
f in – plane toughness. 
In relation to the samples shown in Fig. 6 , a comparison of the
ecorded load vs. time curves is presented in Fig. 7 . In the case of
owest testing temperature, a catastrophic failure occurred at mi-
or loads leading to brittle fracture. With the increase of the tem-
erature, the specimens did not fail catastrophically but in a stable
anner. As it can be seen from the ﬁgure, a signiﬁcant load drop
ccurs, for 200 °C and 800 °C, followed by stable crack growth be-
ore the ﬁnal failure. The large load drops on the curves were ac-
ompanied by audible clicks. Please cite this article as: V. Nikolic et al., Improved fracture behavior a
Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.06.00. Summary 
The main purpose of the investigation discussed in this pa-
er, was the evaluation of the fracture behavior of 100 μm W
oils. Since, the thickness of the samples and its geometry are not
he standard one and in order to get appropriate specimens for
racture experiments, optimization of sample design and prepara-
ion, crack initiation and brazing was performed. The test speci-
ens were fabricated by electrical discharge machining (EDM) and
racks were initiated by consecutively using a diamond wire saw,
 razor blade and a focused ion beam (FIB) workstation. Joining
f the pre-cracked foils to the steel holders was done in a brazing
rocess performed in high vacuum, with silver – copper and pure
opper brazing foils. Fracture experiments were made with a Zwick
niversal test machine in the temperature range from −196 °C to
00 °C, with the pre – crack introduced perpendicular to the rolling
irection of the foil. The investigation shows an improved behav-
or and signiﬁcantly higher values of K q compared to bulk W ma-
erials, which can be related to a higher degree of deformation
f the foil during the production process and the resulting mi-
rostructure. A high toughness at RT, slowly decreases when ap-
roaching the highest testing temperature of 800 °C. The most sig-
iﬁcant result reveals that the ductile to brittle transition tempera-
ure (DBTT) is around room temperature, which is an extraordinary
esult for a tungsten material. 
The microstructure of the tested materials was evaluated with
he means of EBSD analysis, showing that, as a result of a high de-
ree of deformation during production, grains are elongated along
he rolling direction. The dimension of grains in foil thickness di-
ection is very small – below 1 μm and the foil has a very pro-
ounced rotated cubic texture. Fracture surfaces of every testednd microstructural characterization of thin tungsten foils, Nuclear 
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 specimen were analyzed with an SEM. At low temperatures, the
samples fractured in a brittle transcrystalline manner which corre-
sponds to a low value of K IC . Equivalent to the RT scatter of data,
the fracture surfaces also vary. In some cases, the samples had
a fracture surface showing cleavage fracture (low K IC ) and some-
times a very strong delamination was observed, which matches
with high values of fracture toughness. With an increase in test-
ing temperature, at 200 °C all the samples have strongly delami-
nated fracture surfaces with a lot of small crack openings. For even
higher temperatures, the delamination becomes less pronounced
and ﬁnally the resulting fracture surfaces show ductile fracture
with large crack tip openings. 
The open questions, which will be addressed in a following
publication, are related to the potential anisotropy of the fracture
toughness, which will be analyzed in respect to different crack ini-
tiation direction. In addition, going from LEFM to CTOD measure-
ments is an important step in understanding the underlying frac-
ture mechanisms controlling the fracture toughness in the regime
of increased ductility. 
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